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Heart  transplantation  (HT)  has  become  a widely  used  life-extending  procedure  for 

patients  at  end-stage  heart  failure  (HF).  While  the  primary  cardiac  symptoms  of  HF  are 

resolved  with  HT,  symptoms  associated  with  skeletal  muscle  myopathy  appear  to  persist 

indefinitely  after  transplantation,  often  limiting  heart  transplant  recipients  (HTR)  from 

regaining  an  active,  functional,  and  rewarding  role  in  life.  The  purpose  of  this 

investigation  was  threefold: 

• To  document  the  level  of  myopathic  disease  in  end-stage  heart  failure  patients. 

• To  document  the  level  of  myopathic  disease  in  HTR’s  early  after  HT. 

• To  study  the  effectiveness  of  a resistance-training  (RT)  protocol  in  attenuating  the 
atrophic,  functional,  and  ultrastructural  myopathic  effects  of  immunosuppessive 
drugs  in  HF  patients  who  undergo  orthotopic  HT. 

Subjects'.  Thirteen  candidates  for  orthotopic  heart  transplantation  were  recruited 
from  the  United  Network  for  Organ  Sharing  (UNOS)  waiting  list  at  Shands  Hospital  at 
the  University  of  Florida.  Methods : Body  composition,  skeletal  muscle  enzyme  activity, 
and  MHC  composition  data  was  collected  on  all  patients  before  and  after  HT.  At  2- 
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months  post  HT  patients  were  assigned  to  a training  group  that  participated  in  a 6-month 
program  of  resistance  exercise  (n  = 8)  or  to  a control  group  that  did  not  participate  in  a 
resistance  exercise  program  (n  = 5).  Muscle  strength,  body  composition,  skeletal  muscle 
enzyme  activity,  and  MHC  composition  data  was  collected  before  and  after  the  exercise 
intervention.  Results'.  Significant  (p<0.05)  reductions  in  lactate  dehydrogenase  (-18.7%), 
citrate  synthase  (-30.8%),  and  3-hydroxyacetyl-CoA  dehydrogenase  (20.0%)  were  found 
pre  to  post  transplant.  However,  body  composition  and  MHC  composition  of  skeletal 
muscle  did  not  change.  Following  a RT  intervention,  significant  (p<0.05)  increases  in 
bodyweight  (4.4%),  citrate  synthase  activity  (41%  ),  and  fat  free  mass  (1.6%)  were  found 
in  the  trained  group  only.  Lactate  dehydrogenase  activity  (45  and  24%)  and  upper  (54 
and  25%)  and  lower  (40  and  13%)  body  muscle  strength  increased  in  both  RT  and  control 
groups  respectively.  Increases  in  muscle  strength  were  significantly  greater  in  the  RT 
versus  the  Control  group  (p<0.05).  No  change  in  MHC  isoform  content  was  observed  in 
either  group.  Conclusion : Patients  who  participate  in  a RT  program  post  HT  will 
experience  a reduction  of  skeletal  muscle  myopathy. 
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CHAPTER  1 
INTRODUCTION 

The  first  successful  human  heart  transplant  was  performed  in  1974.  Two  and  a 
half  decades  later,  heart  transplantation  (HT)  has  evolved  into  an  accepted  life-extending 
therapy  for  end-stage  heart-failure  patients.  With  5-year  survival  rates  exceeding  70%, 
the  desired  procedural  outcome  has  shifted  from  patient  survival  to  enhancing  the  quality 
of  life  associated  with  heart  transplantation.  Skeletal  muscle  atrophy,  weakness,  and 
fatigue  experienced  by  heart  transplant  recipients  (HTR)  present  obstacles  that  often 
prevent  a return  to  a functional  lifestyle  after  HT.  Little  is  known  about  the  ultrastructural 
adaptations  of  skeletal  muscle  in  HTRs  after  restoration  of  normal  heart  function. 
Detailing  skeletal  muscle  morphology  in  HTRs  and  developing  a treatment  plan  for  the 
associated  myopathy  are  essential  for  these  patients  to  regain  an  active,  functional,  and 
rewarding  role  in  their  home,  community,  and  workplace. 

There  are  three  distinct  stages  in  the  etiology  of  skeletal  muscle  myopathy  in 

HTRs: 

• Development  and  progression  during  years  of  heart  failure. 

• Exacerbation  of  symptoms  due  to  immunosuppressive  therapy  early  post- 
transplantation (Post-HT). 

• Persistence  of  symptoms  (atrophy,  weakness  and  fatigue)  late  post-  transplantation 
(LP-HT). 

The  current  standard  of  care  (SC)  provided  to  HTRs  has  achieved  limited  success  in 
reversing  the  loss  of  muscle  size,  strength,  and  endurance. 
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Specific  Aims 

This  investigation  involves  both  gross  (muscle  mass  and  strength)  and 
ultrastructural  (metabolic  enzymes  and  fiber  type)  skeletal  muscle  measurements  in  two 
groups  of  HTRs: 

• Patients  receiving  standard  care. 

• Patients  participating  in  a supervised  resistance  training  protocol  in  addition  to 
receiving  standard  care. 

The  overall  purpose  of  the  study  was  to  investigate  the  effects  of  resistance  training  on 
the  skeletal  muscle  myopathy  associated  with  HTRs. 

Specific  Aim  1 

To  determine  the  gross  and  ultrastructural  alterations  associated  with  myopathic 
disease  in  CHF  patients  who  are  subjected  to  large-dose  immunosuppressive  drugs  after 
HT. 

Hypothesis  1 

Differences  will  exist  in  muscle  mass,  metabolic  enzymes,  and  ultrastructure 
between  pre-HT  and  Post-HT  as  a result  of  large  dose  immunosuppressive  therapy  (IT) 
(glucocorticoids  and  cyclosporine)  post-HT. 

Specific  Aims  2 

To  investigate  the  effectiveness  of  a resistance  training  protocol  in  attenuating 
and/or  reversing  the  deleterious  effects  of  IT  on  skeletal  muscle  of  HTRs. 

Hypothesis  2 

HTRs  who  participate  in  resistance-training  exercises  will  have  greater  recovery  of 
enzymatic  reserve  (particularly  those  enzymes  involved  in  aerobic  respiration)  and  more 
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of  the  slow,  fatigue  resistant  MHCI  isoform  in  skeletal  muscle  fibers  LP-HT  than  HTRs 
who  receive  standard  care. 

Hypothesis  3 

HTRs  who  participate  in  resistance-training  exercises  will  have  greater  recovery  of 
muscle  strength  LP-HT  than  HTRs  who  receive  standard  care. 

Rationale  and  Significance 

The  persistence  of  muscle  atrophy,  weakness  and  early  onset  of  fatigue  in  HTR 
limits  the  return  of  patients  to  an  active  lifestyle  post-HT.  Study  of  skeletal  muscle  ultra- 
structure in  CHF  patients  revealed  a strong  relationship  between  exercise  intolerance  and 
skeletal  muscle  myopathy  (16).  Skeletal  muscle  myopathy  originates  before  to  HT  and 
persists  post-HT.  The  diminished  cardiac  output  and  subsequent  hypoperfusion  of 
skeletal  muscle  along  with  the  grossly  reduced  activity  levels  of  patients  with  end-stage 
heart  failure  present  an  environment  for  skeletal  muscle  myopathies  to  develop  before 
HT.  The  sequelae  of  myopathic  disease  in  chronic  heart  failure  patients  includes:  skeletal 
muscle  atrophy,  fiber  type  shifts,  and  shifts  in  the  metabolic  characteristics  and  capacity 
of  skeletal  muscle  (8-10,12-15).  Unfortunately,  the  improved  cardiac  output  achieved 
through  HT  does  not  result  in  immediate  improvement  in  exercise  tolerance  (17-19).  The 
IT,  which  is  a necessary  component  of  HTR  recovery,  causes  de  novo  deleterious  effects 
on  skeletal  muscle  (3,15,17).  Glucocorticoid  administration  initiates  an  efflux  of  amino 
acids  from  skeletal  muscle  as  well  as  a reduction  in  protein  synthesis  resulting  in  a net 
reduction  in  muscle  mass  (15,17).  Cyclosporine  administration  has  resulted  in  reduced 
aerobic  enzyme  activity  in  rat  skeletal  muscle  samples  (3). 
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Therefore,  recovery  from  the  exercise  intolerance  experienced  by  CHF  patients  who 
become  HTRs,  may  be  complicated  by  the  myopathic  side  effects  of  immunosuppressive 
therapy. 

Few  investigators  have  studied  the  effects  of  resistance-training  in  HTRs  on  muscle 
function  and  body  composition  (5,  6,  7,  16,  19).  To  date,  the  metabolic  enzyme  profile 
and  MHC  fiber  type  distributions  have  not  been  studied  in  HTR  who  participated  in  a 
resistance-training  exercise  program.  This  study  will  be  the  first  the  to  assess  the  effects 
of  resistance-training  on  muscle  mass,  strength,  metabolic  enzymes  and  fiber  type  in 
HTRs  who  participate  in  a resistance-training  program.  While  the  medical  community 
has  made  great  strides  in  increasing  the  survival  rate  of  HTRs,  this  investigation  seeks  to 
evaluate  methods  that  have  the  potential  to  positively  impact  the  quality  of  life 
experienced  by  HTRs. 


CHAPTER  2 

REVIEW  OF  RELATED  LITERATURE 

Introduction 

The  first  successful  human  heart  transplant  was  performed  in  1974.  Two  and  a 
half  decades  later,  heart  transplantation  (HT)  has  evolved  into  an  accepted  life-extending 
therapy  for  end-stage  heart-failure  (HF)  patients.  With  5-year  survival  rates  exceeding 
70%,  the  desired  procedural  outcome  has  shifted  from  patient  survival  to  enhancing  the 
quality  of  life  associated  with  heart  transplantation.  Skeletal  muscle  myopathy  (atrophy, 
weakness,  and  fatigue)  experienced  by  heart  transplant  recipients  (HTRs)  present 
obstacles  that  often  prevent  a return  to  a functional  lifestyle  after  HT.  Study  of  skeletal 
muscle  ultrastructure  in  CHF  patients  shows  a strong  relationship  between  exercise 
intolerance  and  skeletal  muscle  myopathy  (10,  12-15).  Little  is  known,  however,  about 
the  ultra-structural  adaptations  of  skeletal  muscle  in  HTR.  Detailing  skeletal  muscle 
morphology  in  HTR  and  developing  a treatment  plan  for  the  associated  myopathy  are 
essential  for  these  patients  to  regain  an  active,  functional,  and  rewarding  role  in  life. 
There  are  three  distinct  stages  in  the  etiology  of  skeletal  muscle  myopathy  in 

HTR: 

• Development  and  progression  during  years  of  heart  failure; 

• Exacerbation  of  symptoms  due  to  treatment  with  immunosuppressive  agents 
(glucocorticoids  and  cyclosporine)  early  post-HT; 

• Persistence  of  symptoms  for  years  after  HT. 
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Each  of  these  stages  will  be  reviewed  in  sections  of  this  chapter.  Suggestions  for 
successful  treatment  protocols,  directed  toward  reducing  skeletal  muscle  myopathy  in 
HTRs,  will  comprise  the  final  section  of  the  chapter. 

Skeletal  Muscle  Myopathy  in  Chronic  Heart  Failure  Patients 

Chronic  heart  failure  (CHF)  is  a term  used  to  describe  a clinical  syndrome  with  a 
variety  of  etiologies  that  reflect  a mechanical  dysfunction  of  the  heart,  resulting  in  a 
cardiac  output  that  is  inadequate  to  meet  the  needs  of  the  body.  Exertional  fatigue  and 
exercise  intolerance  present  a major  limitation  for  patients  with  CHF.  A sedentary 
lifestyle,  in  conjunction  with  diminished  cardiac  output,  presents  the  foundation  from 
which  exercise  intolerance  develops  in  CHF  patients.  Several  morphologic  and 
histochemical  characteristics  of  skeletal  muscle  contribute  to  the  functional  deficiency 
experienced  by  CHF  patients.  Morphologic  adaptations  include  muscle  atrophy,  slow-to- 
fast  fiber-type  shifts,  decreased  mitochondrial  content,  and  decreased  capillarization  of 
the  skeletal  muscle  (10,  12,  14,  26,  35).  Histochemically,  there  is  a decrease  in  oxidative 
enzymes  and  an  increase  in  glycolytic  enzymes  (12,  23,  24,  25,  26,  31).  Functionally, 
skeletal  muscle  in  CHF  patients  is  smaller,  weaker  and  less  fatigue  resistant  than  muscle 
of  age-matched  healthy  subjects  (4,  14,  and  23). 

Morphologic  Adaptations 

Skeletal  muscle  atrophy  constitutes  a pervasive  problem  among  CHF  patients. 
Using  a combination  of  creatinine-to-height  ratios  and  arm  circumference,  Mancini  et  al. 
(23)  reported  skeletal  muscle  atrophy  in  » 70%  of  heart  failure  (HF)  patients  (n=62).  Calf 
muscle  volume,  assessed  with  magnetic  resonance  imaging  (MRI),  was  significantly 
reduced  in  HF  patients  (n=15)  when  compared  to  healthy  controls  (n=10)  (23). 

Harrington  et  al.  (14)  used  ultrafast  computed  tomography  (CT)  to  access  muscle  mass  in 
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100  CHF  patients.  Both  total  leg  cross-sectional  area  (CSA)  and  quadriceps  CSAs  were 
significantly  reduced  (p<0.05)  in  CHF  patients  when  compared  to  healthy  controls 
(n=31)  (14).  The  magnitude  of  skeletal  muscle  atrophy  in  CHF  patients  may  be 
underreported.  Fatty  infiltration  of  the  muscle  can  mask  skeletal  muscle  atrophy  in  CHF 
patients.  Limb  circumference  measurements  may  not  change  while  increasing  intra- 
muscular fat  replaces  decreasing  skeletal  muscle  (6,  14,  23).  Skeletal  muscle  atrophy 
reported  in  CHF  patients  has  a pronounced  functional  impact.  Decreases  in  skeletal 
muscle  cross-sectional  area  correlate  significantly  with  reductions  in  maximal  VO2 
(R=0.66)  and  muscle  strength  (R=0.76)  (14). 

In  addition  to  skeletal  muscle  atrophy,  changes  in  skeletal  muscle  fiber  type  have 
been  reported  in  CHF  patients.  Skeletal  muscle  fibers  have  been  classified  by  function 
(fast  or  slow),  metabolic  properties  (glycolytic  or  oxidative),  or  structure  (MHC).  Several 
investigators  have  found  a slow-to-fast  shift  in  skeletal  muscle  fiber  type  composition 
from  myosin  heavy-chain  type  I fibers  (MHCI)  toward  MHCIIb  muscle  fibers  (referred  to 
as  MHCIIx  in  more  recent  literature)  in  CHF  patients  (12,  14,  26,  31).  Myosin  is  the 
motor  protein  in  skeletal  muscle.  Alterations  in  a portion  of  this  protein  (heavy  chain) 
have  been  used  classify  adaptations  that  occur  in  skeletal  muscle.  Shifts  in  fiber  type 
distribution  have  profound  functional  ramifications.  MHCIIb  fibers  are  more  susceptible 
to  injury,  and  fatigue  more  rapidly  than  MHCI  fibers  (22).  The  decreases  in  MHCI  (slow 
fatigue-resistant  isoform)  concentrations  in  the  gastrocnemius  muscle  of  CHF  patients 
correlates  strongly  with  severity  of  organ  failure  (r=0.78),  maximal  VO2  (r=0.71),  and 
moderately,  but  significantly,  with  ventilatory  threshold  (r=0.57)  (35). 
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Shifts  in  skeletal  muscle  fiber  type  is  not  the  only  ultrastructural  adaptation  that 
occurs  in  CHF  patients.  Drexler  et  al.  (12)  found  significant  reductions  in  the  volume 
density  of  mitochondria  (n=60),  surface  density  of  mitochondrial  cristae  (n=60),  and 
capillaries  per  unit  volume  of  muscle  (n=12)  in  biopsy  samples  of  the  vastus  lateralis 
muscle  of  CHF  patients.  Skeletal  muscle  alterations  also  present  a mechanism  for 
exercise  intolerance  in  CHF  patients.  Significant  correlations  between  maximal  VO2, 
volume  density  of  mitochondria  (r=0.56),  surface  density  of  mitochondrial  cristae 
(r=0.53),  and  capillary  density  (r=0.48)  have  been  reported  (12,  13).  A stronger 
correlation  was  reported  in  patients  who  underwent  muscle  biopsy  4 months  later, 
showing  that  the  change  in  volume  density  of  mitochondria  positively  reflected  the 
change  in  maximal  VO2  (r=0.89)  (12). 

Histochemical  Adaptations 

Several  investigators  have  found  a reduction  in  the  aerobic  enzymes  citrate 
synthetase,  succinate  dehydrogenase,  and  cytochrome  c oxidase  that  mirror  the 
mitochondrial  reductions  found  by  Drexler  et  al.  (12,  25,  26,  31,  32).  While  the  aerobic 
enzyme  capacity  in  CHF  is  decreasing,  the  glycolytic  enzyme  lactate  dehydrogenase 
increases  in  these  patients  (26).  These  enzyme  alterations  suggest  a shift  from  oxidative 
to  glycolytic  metabolism  of  skeletal  muscle,  leading  to  an  early  onset  of  anaerobic 
metabolism  and  fatigue.  Using  3 IP  magnetic  resonance  spectroscopy,  Okita  et  al.  (24) 
found  a strong  correlation  (r=0.83)  between  markers  of  skeletal  muscle  metabolic 
capacity  and  maximal  VO2.  Given  the  large  peripheral  component  of  exercise 
intolerance  in  CHF  patients,  it  is  reasonable  to  conclude  that  replacement  of  the  failing 
heart  with  a functional  donor  heart  may  not  independently  correct  the  exercise- 
intolerance  problem. 
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Section  Summary 

Exercise  intolerance  in  CHF  patients  has  been  well  documented.  Skeletal  muscle 
myopathy,  in  conjunction  with  the  hypoperfusion  associated  with  systolic  heart  failure,  is 
generally  accepted  as  being  responsible  for  the  exercise  intolerance  reported  in  CHF 
patients.  Yet  exercise  intolerance  is  not  resolved  when  end-stage  HF  patients  undergo 
orthotopic  heart  transplantation.  Indeed,  exercise  intolerance  remains  at  ~ 60%  of  age- 
adjusted  norms  indefinitely  after  HT  (7). 

Skeletal  Muscle  Myopathy  in  Heart  Transplant  Recipients 
As  discussed  above,  skeletal  muscle  myopathy  originates  before  transplantation. 
Skeletal  muscle  abnormalities  are  not  immediately  resolved  by  heart  transplantation  and 
contribute  to  exercise  intolerance  in  HTR  indefinitely  (7,  9,  29).  Immunosuppressive 
drugs  (ID)  administered  after  heart  transplantation  act  to  further  alter  skeletal  muscle 
function.  Among  the  drugs  commonly  used  for  immunosuppression  in  HTR  are 
glucocorticoids  (prednisone,  methylprednisolone)  and  cyclosporine.  While  these  drugs 
are  essential  in  preventing  donor  organ  rejection  (ID  limit  the  bodies  ability  to  recognize 
and  destroy  foreign  tissues)  in  HTRs,  detrimental  effects  of  ID  on  skeletal  muscle  have 
been  well  documented  (3,  6,  8,  15,  16,  17,  18,  20,  21).  Long  term  treatment  with 
exogenous  glucocorticoids  promotes  atrophy  by  increasing  the  rate  of  protein  catabolism 
and  amino  acid  efflux  while  simultaneously  decreasing  the  rate  of  protein  synthesis  (12). 

Skeletal  muscle  pathophysiology  is  complex  in  HTR.  Skeletal  muscle  of  HTR  has 
undergone  preoperative  shifts  from  MHCI  type  fibers  toward  MHCIIb  type  fibers,  and 
post  operative  steroid-induced  muscle  atrophy  (17).  As  a result,  reductions  in  skeletal 
muscle  size  and  strength  continue  indefinitely  after  transplantation.  Braith  et  al.  (7)  found 
that  knee  extension  strength  (normalized  for  lean  body  mass)  in  heart  transplant 
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recipients  at  1 8 months  after  transplantation  was  only  60  to  70%  of  values  achieved  by 
age-matched  control  subjects.  Aerobically,  there  was  a 57%  reduction  in  maximal  VO2, 
recorded  during  a graded  exercise  test  (GXT),  when  compared  to  healthy  controls. 
Interestingly,  leg  strength  accounted  for  81%  of  the  variability  in  maximal  VO2  among 
HTRs,  while  only  accounting  for  42%  of  the  variability  in  healthy  controls  (Figure  1)  (7). 
The  Braith  study  found  that  skeletal  muscle  myopathy  may  be  the  principle  factor 
limiting  exercise  tolerance  in  HTRs,  but  not  in  healthy  subjects. 

Skeletal  muscle  biopsies  performed  before  and  after  transplantation  have  not 
provided  a conclusive  picture  of  myopathy  in  HTRs.  At  3 and  12  months  after  heart 
transplantation,  the  highly  fatigable  MHCIIb  fibers  were  still  predominant;  yet,  increases 
in  fiber  diameter  and  aerobic  enzymes  were  recorded  at  12  months  post-transplant  (9). 
Maximal  VO2  did  improve  at  12  months  post- transplant  (+10ml  CVkg/min)  but  remained 
40%  below  predicted  norms  (9).  Normal  mitochondrial  contents  were  found  in  HTR  10 
months  post-transplant,  yet  capillary  density  and  capillary/fiber  ratio  in  skeletal  muscle 
remain  significantly  below  age-matched  norms  (24%  and  27%,  respectively)  (21). 
Cyclosporine  has  been  shown  to  reduce  capillarization  in  rat  skeletal  muscle  and  may  be 
responsible  for  the  persistence  of  this  abnormality  post-transplantation  (3). 

The  increase  in  aerobic  enzymes  and  mitochondria  without  concomitant  increases 
in  the  MHCI  isoform  associated  with  fatigue-resistant  Type  I fibers  is  puzzling.  Increases 
in  aerobic  enzymes  and  mitochondrial  content  should  restore  muscle  aerobic  abilities. 
However,  measurements  of  phosphocreatine  utilization,  pH,  and  phosphocreatine 
resynthesis  rates  during  exercise  indicate  a sustained  emphasis  on  anaerobic  bioenergetic 
pathways  15  months  post-HT  (29).  To  clarify  these  disparate  research  findings,  additional 
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studies  that  investigate  skeletal  muscle  ultra  structural  adaptations  after  transplant  are 
warranted. 

Effects  of  Exercise  Training  on  Skeletal  Muscle  Myopathy  in  Heart  Transplant 

Recipients 

The  effects  of  exercise  on  the  skeletal  muscle  myopathy  associated  with  HTRs 
have  not  been  extensively  studied.  Progressive  resistance  training  is  universally 
recognized  as  the  most  effective  method  of  increasing  skeletal  muscle  size  and  strength. 
The  inclusion  of  resistance  training,  as  an  adjunct  therapy  in  the  post  operative  recovery 
of  HTRs,  was  historically  discouraged  by  clinicians  citing  safety  concerns.  The  Center 
for  Exercise  Science  at  University  of  Florida  has  pioneered  the  use  of  resistance  training 
among  HTRs.  The  resistance  training  protocol  was  implemented  initially  in  an  attempt  to 
reverse  glucocorticoid-induced  osteoporosis  in  HTRs  (5).  Resistance  training  has  since 
been  shown  to  be  efficacious  in  protecting  and  restoring  bone  mineral  density  in  HTR  (4, 
5)  and  appears  to  have  protective  and  restorative  properties  in  skeletal  muscle  as  well  (4, 
6,  16,  and  19). 

A resistance-training  intervention  initiated  2 months  post  transplant  was 
successful  in  restoring  muscle  mass  and  strength  to  pre-transplant  levels  in  HTRs  (6). 
Transplant  control  subjects,  who  did  not  participate  in  resistance  training  post  transplant, 
experienced  continued  loss  of  muscle  mass  and  increases  in  fat  mass  (Figure  2)  (6). 
Although  strength  improvements  were  observed  in  the  control  group  (significant  vs  early 
HT  baseline),  gains  were  significantly  less  than  those  experienced  by  the  resistance- 
trained  group  (p<0.05)  (Figure  3)  (6).  Utilization  of  electrical  stimulation  to  strengthen 
the  quadriceps  muscle  of  HTR  resulted  in  a significant  increase  in  maximal  VO2  over  an 


12 


8-week  period  (34).  Unfortunately,  the  investigators  did  not  measure  changes  in  muscle 
strength  or  morphology  as  a result  of  the  electrical  stimulation  protocol. 

While  the  initial  research  investigating  the  protective  and  restorative  nature  of 
resistance  training  on  skeletal  muscle  of  HTRs  has  been  encouraging,  outcome  variables 
were  limited  to  functional  parameters  (6,  34).  Other  studies  that  have  investigated 
ultrastructural  adaptations,  via  muscle  biopsy  in  HTRs,  used  either  a cardiovascular 
exercise  protocol  or  an  extremely  conservative  manual  resistance  protocol  that  did  not 
include  weight  lifting  (16,  19,  27).  A complete  understanding  of  the  morphologic  and 
biochemical  changes  that  are  occurring  in  skeletal  muscle  as  a result  of  a comprehensive 
exercise  protocol,  initiated  early  post  transplant,  is  still  lacking. 

Section  Summary 

Skeletal  muscle  myopathy  develops  during  CHF  and  persists  indefinitely  after 
HT.  The  morphologic  and  biochemical  changes  that  occur  in  skeletal  muscle  of  HTRs  are 
not  fully  understood.  Standard  rehabilitation  protocols  for  HTR  have  not  been  effective  at 
adequately  reversing  the  skeletal  muscle  myopathy  found  in  this  population. 


FAT  FREE  MASS  (%) 
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RELATIVE  1-RM  (kg/kg  lean  mass) 

Figure  1.  The  relationship  between  one  repetition  maximum  strength  (1-RM)  of  the  knee 
extensors,  correlated  for  lean  body  mass,  and  peak  oxegen  uptake  (Vo2peak)  in 
heart  transplant  recipients  (n=l  1)  and  matched  control  subjects  (n=T  1). 


Figure  2.  Changes  in  fat  free  mass  (left)  and  fat  mass  (right)  at  2 months  after  heart 
transplantation,  and  after  3 and  6 months  of  resistance  exercise  protocol  or 
control  period.  Data  are  mean  ±SEM.  *P<  0.05  trained  group  vs  control  group. 
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Figure  3.  Changes  in  bilateral  knee  extension  strength  (left)  and  chest  press  strength  after 
3 and  6 months  of  resistance  exercise  program  or  control  period.  Data  are  mean 
± SEM.  *P<  0.05  vs  transplantation  baseline  value.  fP-  0.05  trained  group  vs 
control  group. 


CHAPTER  3 

METHODS  AND  PROCEDURES 

Subjects  and  Experimental  Design 

Thirteen  candidates  for  orthotopic  heart  transplantation  were  recruited  from  the 
United  Network  for  Organ  Sharing  (UNOS)  waiting  list  at  Shands  Hospital  at  the 
University  of  Florida.  The  patients  were  assigned  either  to  a training  group  that 
participated  in  a 6-month  program  of  resistance  exercise  after  transplantation  (N  = 8)  or 
to  a control  group  that  did  not  participate  in  a resistance  exercise  program  after  HT 
(N  = 5).  Group  assignment  was  based  on  logistical  considerations.  Patients  who  lived 
close  enough  to  travel  twice  a week  to  either  the  Center  for  Exercise  Science  at 
University  of  Florida  or  the  offices  of  Medical  Exercise  Associates  in  Daytona  Beach, 
Florida  were  placed  in  the  resistance  training  group.  All  other  patients  were  placed  in  the 
control  group,  which  received  standard  care.  This  specific  placement  was  at  the  direction 
of  the  Institutional  Review  Board  at  the  University  of  Florida.  All  of  the  HTRs  were 
encouraged  to  participate  in  a cardiovascular  exercise  program  but  only  the  training 
group  performed  resistance  exercise.  Dosages  of  immunosuppressive  agents  were 
recorded  for  each  patient. 

Three  specific  time  points  were  chosen  for  data  collection: 

• Pre-HT,  body  composition  was  assessed  and  skeletal  muscle  biopsy  samples  were 
collected  shortly  after  patients  were  listed  with  UNOS  for  HT  at  the  University  of 
Florida.  This  time  point  represented  patient  condition  during  end-stage  heart 
failure. 

• Early  post-HT,  body  composition,  muscle  strength,  and  skeletal  muscle  biopsy  data 
were  collected  at  2 months  post-HT.  This  time  point  was  chosen  because  the 
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impact  of  immunosuppressive  therapy  on  skeletal  muscle  is  highest  immediately 
post-HT  (this  is  when  dosages  of  immunosuppressive  agents  are  highest)  and  total 
body  exercise  programs  cannot  be  initiated  until  the  median  sternotomy  had  time  to 
heal. 

Late  post-HT,  body  composition,  muscle  strength,  and  skeletal  muscle  biopsy  data 
were  collected  at  8 months  post-HT.  Immunosuppressive  agents  were  reduced  to 
minimal  levels  and  supervised  resistance  exercise  intervention  is  complete  (Figure 

4). 


Figure  4.  Experimental  Design 

Resistance  Exercise  Training  Protocol 
The  intervention  protocol  began  2 months  after  HT.  This  time  frame  permitted 
sufficient  time  for  surgical  wound  healing  before  upper  body  resistance  exercise.  The 
training  regimen  consisted  of  upper  and  lower  body  resistance  training  2d/wk  using 
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MedX  variable  resistance  machines  (MedX,  Ocala,  FI.).  All  training  sessions  involved 
one  transplant  recipient  supervised  by  at  least  one  exercise  specialist.  Before  each 
resistance  exercise  session,  seated  blood  pressure  and  pulse  rate  measurements  were 
recorded.  Before  beginning  the  resistance  training  session,  patients  completed  5 minutes 
of  warmup  with  low-intensity  treadmill  walking  and  5 to  10  minutes  of  static  stretching. 
The  initial  training  session  consisted  of  one  set  of  one  exercise  per  body  part.  Each  set 
consisted  of  10  to  15  repetitions  for  each  exercise.  The  initial  training  weight  represented 
50%  of  one  repetition  maximum  (I-RM).  The  transplant  recipients  were  not  permitted  to 
exceed  15  repetitions.  Rather,  when  15  repetitions  were  performed  successfully  through 
the  full  range  of  motion  (ROM),  the  weight  was  increased  by  5 to  10%  at  the  next  training 
session.  This  exercise  prescription  was  intended  to  have  subjects  use  the  greatest 
resistance  possible  to  complete  15  repetitions  while  avoiding  a low-repetition  and  high- 
resistance  regimen  that  could  cause  musculoskeletal  injury  in  subjects  at  risk  for  steroid- 
induced  osteoporosis. 

The  following  exercises  were  performed  in  order:  chest  press,  knee  extension, 
pull-down,  knee  flexion,  shoulder  press,  triceps  extension,  biceps  flexion,  and  low-back 
machine.  Since  the  denervated  transplanted  heart  is  preload  dependent,  special 
precautions  were  taken  to  assure  adequate  maintenance  of  blood  pressure.  Upper-body 
exercises  were  alternated  with  lower  body  exercises  in  an  attempt  to  prevent  blood 
pooling.  Symptomatic  subjects  walked  2 min  between  exercises  or  performed  standing 
calf  raises.  All  subjects  concluded  each  training  session  with  a 5-min  cool-down  walk  at 
low  intensity  on  the  treadmill.  Note:  Safety  precautions  for  resistance  training  in  HTR 
can  be  found  in  Appendix  A. 
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Measurement  of  Skeletal  Muscle  Mass 

Total  body  lean  mass  and  fat  mass  were  assessed  non-invasively  using  a Dual 
Energy  X-ray  Absorptiometer  (DXA)  (Lunar  Radiation,  Madison  WI)  at  data  collection 
time  Points  1,  2,  and  3.  Subjects  were  placed  in  a supine  position  on  the  bed  of  the  DEXA 
apparatus  while  the  x-ray  scanner  performed  a series  of  transverse  scans,  moving  from 
the  top  to  bottom  of  the  body,  at  1-cm  intervals.  Quality  control  of  the  DXA  machine  was 
performed  daily  using  an  anthropomorphic  phantom  supplied  by  the  manufacturer.  We 
demonstrated  that  body  composition  measurements  with  this  technique  are  highly  reliable 
and  that  the  results  compare  favorably  with  hydrostatic  weighing  when  subject 
positioning  is  carefully  standardized. 

Collection  of  Skeletal  Muscle  Samples 

Skeletal  muscle  tissue  was  extracted  from  the  right  quadriceps  of  each  patient  using 
a percutaneous  needle  muscle  biopsy  at  data  collection  time  Points  1,  2,  and  3.  The 
aseptic  procedure  utilized  was  a modification  of  the  Bergstrom  technique  (2).  A 
transplant  cardiologist,  trained  in  the  procedure,  performed  all  muscle  biopsies.  Tissue 
samples  were  placed  in  1.5-mL  flat-top  microcentrifuge  tubes  and  submerged  in  liquid 
nitrogen  immediately  after  removal.  All  samples  were  then  transferred  to  a freezer  and 
stored  at  70°C  until  ultrastructural  analysis  was  performed. 

Determination  of  Skeletal  Muscle  Morphology 

Morphologic  assessment  of  the  skeletal  muscle  fiber  types  consisted  of  determining 
MHC  composition  using  sodium  dodecyl  sulfate-polyacrylamide  gel  electrophoresis 
(SDS-PAGE).  This  method  is  used  in  the  classification  of  human  skeletal  muscle  into  one 
of  three  distinct  phenotypes:  MHC  I,  MHC  Ha,  and  MHC  IIx.  SDS-PAGE  separates 
proteins  based  primarily  on  their  molecular  weights.  SDS  binds  along  the  polypeptide 
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chain,  and  gives  negative  charge  to  all  proteins.  When  proteins  move  down  to  the  positive 
end  of  the  electrophoresis  field,  they  are  separated  based  on  their  molecular  weight.  As 
proteins  migrate  through  the  electrophoresis  field,  the  only  path  that  proteins  are  able  to 
follow  is  along  the  pores,  which  are  generated  by  acrylamide  and  bis-acrylamide. 
Concentrations  of  acrylamide  and  bis-acrylamide,  and  the  total  percentage  acrylamide 
(acrylamide  & bis-acrylamide),  are  important  in  terms  of  having  suitable  pore  size.  In  the 
case  of  MHC,  the  isoforms  of  interest  weigh  around  200  kDa.  Therefore,  a 7 to  8% 
acrylamide  solution  provides  the  best  result.  The  specific  technique  used  in  the  present 
study  was  adapted  from  Doucet  and  Trifaro  (11). 

Determination  of  Skeletal  Muscle  Metabolic  Enzymes 
Biochemical  assays  were  conducted  to  assess  the  metabolic  properties  of  the  tissue. 
Assays  for  citrate  synthase  and  cytochrome  oxidase  were  performed  to  determine  the 
oxidative  properties  of  the  muscle  while  an  assay  for  lactate  dehydrogenase  was 
performed  to  determine  glycolytic  enzyme  content.  Each  muscle  sample  was  hand- 
homogenized  using  the  glass-on-glass  technique  with  a 1 :20  dilution  in  1 .0  M potassium 
phosphate  buffer  solution  at  pH  7.4.  After  homogenization,  samples  were  further  diluted 
to  a 1:100  dilution  with  the  0.1  M potassium  phosphate  buffer.  Citrate  synthase  activity 
was  determined  by  the  spectrophotometric  method  reported  by  Srere  (30);  3- 
hydroxyacyl-CoA-Dehydrogenase  activity  was  determined  by  using  the  method  of  Smith 
(28);  and  lactate  dehydrogenase  activity  was  determined  by  the  method  of  Bergmeyer  et 
al.  (1). 

Measurement  of  Skeletal  Muscle  Strength 

Skeletal  muscle  strength  was  assessed  using  a one-repetition  maximum  (1-RM) 
protocol  of  specific  upper-  and  lower-body  muscles.  Muscle-strength  testing  was 
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conducted  on  the  same  MedX  progressive-resistance  exercise  equipment  as  exercise 
training.  Each  1-RM  testing  session  began  with  the  subject  performing  a warm-up  set  of 
six  to  eight  repetitions  with  a light  weight.  Two  minutes  were  given  between  the  warm- 
up and  the  start  of  the  1-RM  test.  For  the  initial  1-RM  test,  weights  were  standardized 
among  subjects  and  represented  50%  of  body  weight  for  bilateral  knee  extension  and 
30%  of  body  weight  for  the  chest  press.  When  the  weight  was  successfully  lifted  through 
the  full  ROM,  the  weight  for  the  next  trial  was  increased  by  increments  of  2 to  20  lbs. 

The  specific  increase  in  weight  was  dependent  on  the  effort  required  for  the  lift.  This 
increment  became  progressively  smaller  as  the  subject  approached  the  1-RM.  Two 
minutes  of  recovery  time  was  allowed  between  1-RM  trials.  The  last  weight  successfully 
lifted  through  the  full  ROM  was  recorded  as  the  1-RM.  Strength  tests  were  conducted  on 
all  patients  at  data  collection  time  Points  2 and  3. 

Statistical  analysis 

Analysis  of  variance  (ANOVA)  with  repeated  measures  will  be  used  to  analyze  the 
temporal  pattern  of  body  composition,  skeletal  muscle  function,  and  skeletal  muscle  ultra 
structure  in  HTR.  When  a significant  group  by  time  interaction  was  observed,  within- 
group  comparisons  between  time  points  and  between-group  comparisons  at  each  time 
point  were  performed  using  Scheffe’s  post  hoc  test.  All  statistical  analysis  was  performed 
using  the  SYSTAT  statistical  program.  The  alpha  level  was  set  at  P<  0.05  for  statistical 
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CHAPTER  4 
RESULTS 

Throughout  the  results  section  the  abbreviations  Pre-HT,  Post-HT,  LP-HT,  RT,  and 
CON  are  used.  Pre-HT  refers  to  the  point  in  time  where  patients  were  listed  with  UNOS 
for  HT  at  the  University  of  Florida.  Post-HT  will  refer  to  early-post  HT  (two  months  post 
HT).  LP-HT  will  refer  to  late-post  HT  (after  6 month  treatment  ptotocol).  RT  refers  to  the 
subset  of  HTRs  who  participated  in  a 6 month  resistance  training  (RT)  program  initiated 
2 months  after  transplant.  CON  refers  to  the  remainder  of  HTRs  who  did  not  participate 
in  the  RT  program  and  continued  to  receive  standard  post  transplant  care.  Skeletal  muscle 
biopsies,  body  composition,  and  strength  assessments  where  performed  within  a seven 
day  period  at  each  time  point.  The  results  will  be  presented  in  two  sections: 

• Pre  transplant  v.  post  transplant  in  which  pooled  data  of  all  subjects  will  be 
reported. 

• RT  v.  CON  in  which  treatment  groups  will  be  compared. 

Subject  Characteristics 

Fifteen  subjects  were  recruited  from  the  UNOS  waiting  list  for  HT  between 
7/1/2000  and  9/1/2001.  Thirteen  of  these  subjects  received  a HT  prior  to  10/1/2001  and 
continued  on  with  the  study.  Two  subjects  remained  on  the  UNOS  waiting  list  for  a donor 
heart  and  were  unable  to  participate  in  post-HT  data  collection.  One  subject  passed  away 
after  receiving  a HT,  prior  to  Post-HT  data  collection.  One  subject  passed  away  after 
Post-HT  data  collection  but  before  LP-HT  data  collection.  Pre-HT  data  was  collected  on 
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thirteen  subjects.  Gender  distribution  and  mean  values  for  age,  height,  and  weight  of  all 
subjects  are  represented  in  Table  1. 


Table  1.  Subject  characteristics. 


Gender 

Age  (y) 

Height  (cm) 

Weight  (kg) 

1 1 M,  2 F 

51±2.38 

172±2.4 

77.6±3.2 

Pre  Transplant  v.  Post  Transplant  Data 

Body  composition,  skeletal  muscle  metabolic  enzyme  activity,  and  MHC 
composition  were  collected  Pre-Ht  and  Post-HT. 

Changes  in  Body  Composition 


Changes  in  body  composition  Pre-Ht  to  Post-HT  are  presented  in  Table  2.  There 
were  no  significant  changes  in  body  composition  from  Pre-HT  to  Post-HT. 

Table  2.  Body  composition  changes  Pre-HT  and  Post-HT 


Pre-Ht 

Post-HT 

Gender 

10  M,  2 F 

10  M,  2 F 

BW 

77.6±3.2 

77.3±3.2 

FFM 

54.8±1.4 

54.0±1.9 

FM 

24.9±2.6 

54.8±1.4 

Values  are  mean  ± SEM.  BW  = bodyweight,  FFM  = fat-free  mass,  FM  = fat  mass. 

Changes  in  Skeletal  Muscle  Metabolic  Enzymes 


Absolute  values  for  lactate  dehydrogenase  (LDH),  citrate  synthase  (CS),  and  3- 
hydroxyacetyl-CoA  dehydrogenase  (HACoA)  are  presented  in  Table  3.  Enzyme  activity 
for  LDH,  CS,  and  HACoA  decreased  significantly  between  Pre-HT  and  Post-HT  (Table 
3).  Lactate  dehydrogenase  decreased  by  18.7%,  CS  by  30.8%  and  HACoA  by  20.0%. 
Relative  changes  in  LDH,  CS,  and  HACoA  from  Pre-Ht  to  Post-HT  are  shown  in  Figure 


5. 
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Table  3.  Metabolic  enzyme  activity  Pre-HT  and  Post-HT. 


Pre-Ht 

Post-HT 

LDH 

130.5±13.3 

1 06. 1±  1 3.2  * 

CS 

14.0±1.2 

9.7±0.9  * 

HACoA 

4.5±0.38 

3.6±0.34* 

Values  are  mean  ± SEM.  Units  of  activity  are  reported  as  mmol/g  wet  wt/min.  *p<0.05 
Post-HT  vs  Pre-HT.  LDH=Lactate  Dehydrogenase,  CS=Citrate  Synthase,  HACoA=3- 
Hydroxyacyl-CoA-Dehydrogenase. 


Changes  in  Skeletal  Muscle  Phenotype 

Absolute  changes  in  MHC  isoforms  are  presented  in  Table  4.  There  was  a trend 
toward  a reduction  in  MHCI  isoform  concentration  (p=0.08)  from  Pre-HT  to  Post-HT. 
However,  this  change  did  not  reach  statistical  significance.  Relative  changes  in  MHCI, 


MHCIIa,  and  MHCIIx  are  shown  in  Figure  6. 

Table  4.  Composition  of  MHC  isoforms  Pre-HT  and  Post-HT. 


Pre-Ht 

Post-HT 

MHCI 

27.5±4.9 

23.9±4.6 

MHCIIa 

30.0±2.0 

30.8±2.1 

MHCIIx 

42.5±3.7 

45.2±5.0 

Values  are  mean  ± SEM.  Units  are  given  as  percentage  of  total  MHC  content. 


Resistance  Training  v.  Control  Data 

After  the  Post-HT  time  point,  patients  were  distributed  into  either  a group  that 
participated  in  a RT  protocol  or  a CON  group  that  did  not  participate  in  the  RT  protocol. 

Changes  in  Body  Composition 

Absolute  changes  in  Body  Composition  are  presented  in  Table  5.  Significant 
increases  in  total  bodyweight  (BW)  and  fat-free  mass  (FFM)  were  recorded  from  Post- 
HT  to  LP-HT  in  the  RT  group  only.  The  RT  group  gained  significantly  more  FFM  than 
did  the  CON  group  EP-HT  v.  LP-HT.  Both  groups  experienced  a trend  toward  increased 
fat  mass  from  Post-HT  to  LP-HT,  which  did  not  reach  significance  (p<0.10).  Changes  in 
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BW  and  FFM  were  significantly  greater  in  the  RT  v.  CON.  Relative  changes  in  body 
composition  are  shown  in  Figure  7. 

Table  5.  Body  composition  changes  in  RT  and  Con  groups  Post-HT  and  LP-HT. 

Resistance  Trained  (n  = 6)  Control  (n  = 4) 


Post-Ht 

LP-Ht 

Change 

Post-Ht 

LP-Ht 

Change 

BW  (kg) 
FM  (kg) 
FFM  (kg) 

76.2±3.7 

22.9±3.1 

53.3±1.7 

83.5±3.9  * 
27.3±2.5 
56.1±2.1  * 

7.3±  2.4  f 
4.4±2.2 
2.8±0.9  f 

79.0±6.4 

30.2±3.5 

55.1±5.2 

83.5±3.9  * 

32.3±4.0 

54.2±3.6 

3.5±1.8 

3.1±2.8 

-0.9±1.1 

Values  are  mean  ± SEM.  *p<0.05  Post-HT  vs  LP-HT.  tp<0.05  RT  vs  Con.  BW  - 
bodyweight,  FFM  = fat-free  mass,  FM  = fat  mass. 


Changes  in  Muscular  Strength 

Upper-  and  lower-body  strength  were  assessed  by  determining  the  one  repetition 
maximum  (1-RM)  for  the  chest  press  and  knee  extension  respectively.  Absolute  1-RM 
values  for  chest  press  (CP)  and  leg  extension  (LE)  are  presented  in  Table  6 for  the  RT 
and  Con  groups.  Both  groups  significantly  increased  upper-body  and  lower-body  strength 
from  Post-HT  to  LP-HT  The  magnitude  of  strength  gains  in  the  RT  group  were 
significantly  greater  than  the  Con  group.  Relative  changes  in  upper  and  lower-body  1- 
RM  strength  are  shown  in  Figure  8. 

Table  6.  Muscular  strength  changes  with  RT  and  Con  groups  Post-HT  and  LP-HT. 

Resistance  Trained  (n  = 7)  Control  (n  = 4) 


Post-Ht 

LP-Ht 

Change 

Post-Ht 

LP-Ht 

Change 

CP 

187±36 

289±63 * 

102±18  f 

130±52 

164±53  * 

34±9. 1 

LE 

214±19 

300±24 * 

86±8.4  t 

180±1 1 

203±10  * 

23±8.9 

Values  are  mean  ± SEM.  *p<0.05  Post-HT  vs  LP-HT.  tp<0.05  RT  vs  Con.  CP=chest  press,  LE=leg 
extension. 


Changes  in  Skeletal  Muscle  Metabolic  Enzymes 

Absolute  values  for  LDH,  CS,  and  HACoA  are  presented  in  Table  7.  Late-post  HT 
LDH  activity  increased  significantly  versus  Post-HT  in  both  RT  and  Con  groups.  There 
was  no  difference  in  the  magnitude  of  change  in  LDH  activity  between  RT  and  Con 
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groups.  Citrate  Synthase  activity  increased  significantly  in  the  RT  group  only  between 
Post-HT  and  LP-HT.  The  magnitude  of  change  for  citrate  synthase  activity  was 
statistically  greater  in  the  RT  compared  to  Con  from  Post-HT  to  LP-HT  (figure  9). 
Hydroxyacetyl-CoA-dehydrogenase  activity  did  not  change  in  either  group.  Relative 
changes  in  LDH,  CS,  and  HACoA  are  shown  in  Figure  9. 

Table  7.  Changes  in  skeletal  muscle  enzyme  activity  in  RT  and  Con  groups  Post-HT  v. 

LP-HT. 

Resistance  Trained  (n  = 6)  Control  (n  = 4) 


Post-Ht 

LP-Ht 

Change 

Post-Ht 

LP-Ht 

Change 

LDH 

105±13 

154±13 * 

49±6.3 

1 12±13 

139±13  * 

27±6.2 

CS 

10.2±0.6 

14.4±0.6  * 

4.2±0.3 

9.5±2.1 

10.6±1.4 

1.1±0.9 

HACoA 

3.50±0.39 

3.58±0.42 

0.08±.07 

3.72±0.75 

3.23±0.28 

-0.49±0.2 

Values  are  mean  ± SEM.  Units  of  activity  are  reported  as  mmol/g  wet  wt/min.  *p<0.05 
Post-HT  vs  LP-HT.  LDH=Lactate  Dehydrogenase,  CS=Citrate  Synthase,  HACoA=3- 
Hydroxyacyl-CoA-Dehydrogenase. 


Changes  in  Skeletal  Muscle  Phenotype 

Myosin  heavy  chain  isoform  composition  of  skeletal  muscle  biopsy  samples 
collected  Post-HT  and  LP-HT  are  presented  in  Table  8. There  were  no  significant  changes 
in  skeletal  muscle  MHC  isoform  composition  from  Post-HT  to  LP-HT  in  either  the  RT  or 
SC  groups.  Relative  changes  in  MHC  isoform  for  RT  and  Con  groups  are  presented  in 
Figure  10.  Representative  examples  of  MHC  isoform  distribution,  as  determined  by  SDS- 
PAGE  are  presented  for  the  RT  and  SC  groups  in  Figure  11. 

Table  8.  Composition  of  MHC  isoforms  in  RT  v.  CON  groups  Post-HT  v.  LP-HT. 

Resistance  trained  (n=5)  Control  (n=3) 

Post-HT  LP-HT  Post-HT  LP-HT 

MHCI  22.4±6.8  24.5±5.3  26.4±6.0  18.9±16.6 

MHCIIa  33.3±2.4  37.2±2.6  27.0±3.2  33.1±1.9 

MHCIIx  44.4±8.2  38.4±5.1  46.6±3.3  48.1±6.5 


Values  are  mean  ± SEM.  Units  are  given  as  percentage  of  total  MHC  content. 
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Figure  5.  Changes  in  skeletal  muscle  metabolic  enzymes  in  all  subjects  (n  = 1 1)  Pre-HT 
to  Post-HT.  Values  are  mean  ± SEM.  LDH  = lactate  dehydrogenase,  CS  = 
citrate  synthase,  HACoA  = 3-hydroxyacetyl-CoA.  *p<0.05. 
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Figure  6.  Changes  in  MHC  isoform  composition  in  all  subjects  (n  = 8)  Pre-HT  to  Post- 
HT.  Values  are  mean  ± SEM.  Units  are  given  as  percentage  of  total  MHC 
content. 
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Figure  7.  Changes  in  body  composition  for  Resistance  Trained  (n  = 6)  and  Control  (n  = 
4)  subjects  measured  Post-HT  and  LP-HT.  Values  are  mean  ± SEM.  *p<0.05 
Post-HT  vs  LP-HT.  fp<0.05  RT  vs  Con.  BW  = bodyweight,  FFM  = fat-free 
mass,  FM  = fat  mass. 
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Figure  8.  Changes  in  upper  and  lower-body  muscular  strength  for  Resistance  Trained  (n 
7)  and  Con  (n  = 4)  subjects  measured  Post-HT  and  LP-HT.  CP  = chest  press, 
LE  = leg  extension.  Values  are  mean  ± SEM.  *p<0.05  Post-HT  vs  LP-HT. 
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Figure  9.  Changes  in  metabolic  enzyme  activity  for  Resistance  Trained  (n  = 5)  and 
Control  (n  = 4)  subjects  measured  Post-HT  and  LP-HT.  Values  are  mean  ± 
SEM.  LDH  = lactate  dehydrogenase,  CS  = citrate  synthase,  HACoA  = 3- 
hydroxyacetyl-CoA.  *p<0.05  Post-HT  vs  LP-HT. 
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Figure  10.  Percent  changes  in  the  composition  of  MHC  isoforms  for  Resistance  Trained 
(n  = 5)  and  Control  (n  = 3)  subjects  measured  Post-Ht  and  LP-HT. 
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Figure  11.  Representative  samples  of  SDS-PAGE  from  resistance  training  and  control 

groups  at  Pre,  Post,  and  Late-post  HT.  Arrows  indicate  which  bands  within  the 
gel  represent  each  isoform  of  MHC. 


CHAPTER  5 
DISCUSSION 


Overview  and  Principle  Findings 

This  investigation  was  the  first  to  study  the  effects  of  a supervised  resistance 
training  program  on  skeletal  muscle  mass,  function,  and  ultrastructure  compared  with  the 
standard  of  care  typically  provided  HTR.  Previous  investigations  have  studied  the 
changes  in  one  or  more  of  these  variables  in  HTR  who  received  either  SC  or  participated 
in  a supervised  exercise  program  that  did  not  include  resistance  training.  This 
investigation  was  designed  to  test  three  hypotheses: 

• Differences  will  exist  in  muscle  mass,  metabolic  enzymes,  and  ultrastructure 
between  Pre-HT  and  Post-HT  as  a result  of  large  dose  immunosuppressive  therapy 
(IT)  (glucocorticoids  and  cyclosporine)  post-HT. 

• HTRs  who  participate  in  resistance-training  exercises  will  have  greater  recovery  of 
enzymatic  reserve  (particularly  those  enzymes  involved  in  aerobic  respiration)  and 
more  of  the  slow,  fatigue  resistant  MHCI  isoform  in  skeletal  muscle  fibers  LP-HT 
than  HTRs  who  receive  standard  care. 

• HTRs  who  participate  in  resistance-training  exercises  will  have  greater  recovery  of 
muscle  strength  and  lean  mass  LP-HT  than  HTRs  who  receive  standard  care. 

Pre  Heart  Transplant  v.  Early  Post  Heart  Transplant 

The  data  was  not  entirely  supportive  of  our  first  hypothesis.  Significant  differences 
were  found  in  skeletal  muscle  metabolic  enzymes  Pre-Ht  v.  Post-Ht  in  support  of  the 
hypothesis.  However,  no  statistical  differences  were  detected  in  muscle  mass  or  MHC 
isoform  composition  of  skeletal  muscle  Pre-Ht  v.  EP-Ht. 
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Body  Composition 

The  3.6%  increase  in  fat  mass  and  1.5%  decrease  in  lean  mass  were  similar  in 
direction  but  smaller  in  magnitude  than  those  previously  reported.  Braith  et  al.  (6), 
reported  7.8%  increase  in  FM  and  3.9%  decrease  in  FFM  from  Pre  to  2-months  Post  HT. 
In  both  the  current  study  and  the  study  by  Braith  et  al.  (6),  HT  and  post-  operative  care 
was  provided  by  the  same  health  care  facility.  It  is  possible  that  recent  advances  in  patient 
care,  both  Pre-Ht  and  Post-Ht,  may  be  attenuating  the  adverse  effects  immunosuppressive 
therapy  (IT)  has  on  body  composition  in  HTRs. 

Skeletal  Muscle  Metabolic  Enzymes 

Enzymatic  reserve  in  all  subjects  was  significantly  reduced  from  Pre-HT  to  Post- 
HT  for  lactate  dehydrogenase  (LDH),  citrate  synthase  (CS),  and  3-hydroxyacyl-CoA 
dehydrogenase  (HACoA).  Schaufelberger  et  al.  (27)  reported  similar,  but  non-significant 
reductions  in  all  three  enzymes  Post-HT.  However,  the  Post-HT  skeletal  muscle  biopsy 
was  taken  2 weeks  earlier  in  patients  enrolled  in  the  Schaufelberger  et  al.  (27)  study 
compared  to  the  present  study.  The  difference  in  timing  of  muscle  sample  biopsies  may 
account  for  the  magnitude  of  difference  in  reduction  of  enzyme  activity  post  HT.  In 
contrast,  Bussieres  et  al.  (9)  measured  CS,  and  HACoA  at  3 months  post  HT  and  found 
significant  increases  in  both  enzymes.  However,  subjects  in  the  Bussieres  study 
participated  in  a structured  physical  rehabilitation  program  that  included  cycling, 
treadmill  walking,  stair  climbing  and  non-specific  strengthening  exercises  for  3 months 
post  HT.  It  must  be  noted  that  subjects  in  the  present  study  and  the  study  by 
Schaufelberger  et  al.  were  not  yet  participating  in  an  aggressive  exercise  program  at  the 
time  of  their  first  muscle  biopsy. 
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Analysis  of  skeletal  muscle  metabolic  enzymes  in  CHF  patients  has  revealed  a 
significant  reduction  in  both  CS  and  HACoA  activities  coupled  with  an  increase  in  LHD 
activity  (10,  26,  32).  Reductions  in  CS  and  HACoA  contribute  to  the  exercise  intolerance 
experienced  by  CHF  patients.  A continued  decline  in  CS  and  HACoA  post  HT  can  be 
expected  to  exacerbate  exercise  intolerance  in  HTR.  Chronic  heart  failure  patients  who 
experience  reductions  in  CS  and  HACoA  rely  more  heavily  on  glycolytic  metabolism 
which  leads  to  an  early  onset  of  fatigue.  The  unexpected  finding  of  reduced  LHD  activity 
Post-HT  further  complicates  the  exercise  intolerance  in  HTR. 

Skeletal  Muscle  Phenotype 

There  was  a 3.6%  reduction  (p=0.09)  in  the  MHCI  isoform  and  a 2.7%  increase  in 
the  MHCIIx  isoform  from  Pre-HT  to  Post-HT.  These  alterations,  although  not 
statistically  significant,  may  be  clinically  relevant.  The  MHCI  isoform  is  the  predominant 
MHC  isoform  in  fatigue  resistant  muscle  fibers.  A small  reduction  in  MHCI  isoform  in 
skeletal  muscle  may  contribute  to  the  exercise  intolerance  associated  with  HT.  Maximal 
oxygen  uptake  remains  at  ~ 60%  of  age-matched  controls  indefinitely  in  HTR  (7).  The 
small  increase  in  MHCIIx  fibers  Post-Ht  may  contribute  to  the  muscle  soreness 
experienced  by  HTR  post  exercise.  Skeletal  muscle  fibers  that  express  predominantly  the 
MHCIIx  isoform  suffer  a greater  incidence  of  exercise  induced  muscle  injury  (22). 

Resistance  Training  v.  Standard  Care  Late  Post  Transplant 
In  support  of  our  second  hypothesis,  significant  increases  in  metabolic  reserve  were 
found  in  HTRs  who  participated  in  a resistance-training  program  when  compared  to 
HTRs  who  did  not  participate  in  the  resistance-training  program.  However,  RT  did  not 
effect  MHC  isoform  composition  in  HTR.  Muscle  mass  and  strength  data  collected  LP- 
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HT  strongly  supports  our  third  hypothesis  that  resistance  training  would  positively  impact 
both  of  these  variables. 

Body  Composition 

Heart  transplant  recipients  in  the  current  study,  who  participated  in  RT, 
experienced  a 5.3%  increase  in  fat  free  mass  while  patient  in  the  SC  group,  who  did  not 
participate  in  a resistance-training  program,  lost  1.6%  fat  free  mass  EP-HT  to  LP-HT 
(Figure  7).  Skeletal  muscle  is  already  significantly  atrophied  in  CHF  patients  and  has 
been  identified  as  a major  contributor  to  exercise  intolerance  in  CHF  patients  (23).  The 
present  study  and  a previous  study  by  Braith  et  al.  (6)  have  demonstrated  that  in  the 
absence  of  a resistance  training  program,  skeletal  muscle  mass  either  remains  depressed 
or  continues  to  decline  in  HTR.  Conversely,  when  HTRs  participate  in  a RT  program 
skeletal  muscle  mass  is  significantly  increased. 

Muscular  Strength 

The  results  of  this  study  indicate  that  patients  who  receive  either  standard  care  or 
resistance  training  experience  significant  increases  in  muscular  strength  by  8-months 
post-HT.  However,  the  strength  gains  experience  by  HTR  who  RT  where  significantly 
greater  than  the  strength  gains  of  patients  receiving  SC  (Figure  8).  The  RT  group 
experienced  a 55%  increase  in  upper  body  strength  and  a 41%  increase  in  lower  body 
strength.  The  SC  group  strength  gains  were  26%  and  13%,  respectively.  A previous  study 
by  Braith  et  al.,  which  used  a similar  resistance  training  protocol,  reported  71%  and  54% 
strength  gains  in  the  RT  group  for  upper  and  lower  body  strength,  respectively.  The  lower 
strength  gains  achieved  during  the  6-months  of  RT  in  the  present  study  can  likely  be 
attributed  to  the  fact  that  our  baseline  values  for  upper  (89  vs  187  lbs  1-RM)  and  lower 
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(164  v.  214  lbs  1-RM)  body  strength  were  greater.  Absolute  gains  in  strength  were 
similar  between  studies. 

Leg  strength  has  a profound  effect  on  exercise  capacity  in  HTR.  Maximal  oxygen 
uptake  is  positively  correlated  with  leg  strength  in  HTR  (r  = .90)  (7).  Although,  maximal 
exercise  capacity  was  not  measured  in  this  study,  one  can  speculate  that  the  41%  increase 
in  leg  strength  achieved  by  HTRs  who  participated  in  RT  would  help  improve  exercise 
tolerance. 

Changes  in  Skeletal  Muscle  Metabolic  Enzymes 

Late  post  HT,  lactate  dehydrogenase  (LDH),  a marker  of  glycolytic  activity, 
increased  significantly  versus  Post-HT  in  both  RT  and  CON  groups  (Figure  9).  Citrate 
Synthase,  a marker  of  Kreb  cycle  activity,  increased  significantly  LP-HT  versus  Post-HT 
in  the  RT  group  only  (Figure  9).  While  3-hydroxyacyl-CoA  dehydrogenase  activity,  a 
marker  of  fat  oxidation,  did  not  change  in  either  group.  Conflicting  results  were  found  in 
changes  in  enzyme  activity  in  other  HT  exercise  studies.  Schaufleberger  et  al.  (27)  found 
no  change  in  LDH,  CS,  or  HACoA  activity  in  HTR  who  performed  stationary  cycling 
and  limb  muscle  training  5 times  a week.  Bussieres  et  al.  (9)  found  significant  increases 
in  both  CS  and  HACoA  in  HTRs  who  participated  in  cycling,  treadmill  walking,  stair 
climbing  and  non-specific  strengthening  exercises  for  3 months  post  HT.  Changes  in 
enzyme  activity  are  related  to  the  type,  intensity,  and  duration  of  activity.  Differences  in 
exercise  protocols  among  these  studies  may  account  for  the  inconsistent  results. 

Skeletal  Muscle  Phenotype 

There  was  a large  degree  of  variability  between  subjects  and  time  points  in  the 
MHC  data.  Limitations  inherent  with  the  percutaneous  skeletal  muscle  biopsy  technique 
may  have  contributed  to  the  large  standard  error  associated  with  the  MHC  data.  Although 
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biopsy  site  and  depth  were  standardized  for  each  patient  Pre-HT,  we  can  not  be  certain 
that  muscle  was  extracted  from  the  exact  location  in  the  vastus  lateralis  at  subsequent 
time  points.  No  change  in  skeletal  muscle  fiber  type  was  reported  in  other  studies  which 
measured  fiber  type  composition  in  HTRs  who  participated  in  exercise  post-HT  (9,  27). 
These  studies  also  experienced  large  standard  error  associated  with  fiber  type  data. 
Clinical  Application 

Skeletal  muscle  myopathy  is  persistent  post-HT.  Resistance  training  has 
demonstrated  that  it  can  attenuate  or  even  reverse  the  severity  if  the  skeletal  muscle 
myopathy  experience  by  HTR.  The  large  increases  in  skeletal  muscle  strength  and 
aerobic  enzymes  experienced  by  the  RT  group  have  profound  practical  application.  As 
patients  begin  to  feel  stronger  post-HT,  they  are  more  prone  to  participate  in  activities 
which  seem  overwhelming  in  the  weakened  post-HT  state.  The  increases  in  enzymatic 
reserve  attenuate  the  exercise  intolerance  experienced  by  HTR.  The  combination  of 
increased  strength  and  increased  aerobic  enzyme  activity  in  skeletal  muscle  of  HTR 
enable  the  RT  patients  to  participate  in  more  activities  of  daily  living  and  return  to  a 
rewarding  lifestyle  faster  than  patients  who  are  currently  receiving  SC. 


APPENDIX 

SAFETY  PRECAUTIONS  FOR  RESISTANCE  TRAINING  IN  HTR 

Rejection 

Exercise  training  will  be  discontinued  during  acute  allograft  rejection  that  requires 
enhanced  glucocorticoid  immunosuppression.  The  possibility  of  a coronary  event  is 
heightened  during  bolus  administration  of  glucocorticoids,  and  the  catabolic  influence  of 
the  glucocorticoids  on  bone  and  skeletal  muscle  supersede  the  beneficial  effects  of 
exercise. 

Advanced  Osteoporosis 

Subjects  with  BMD  deficits  greater  than  2 standard  deviations  from  the  norm  are  at 
greater  risk  for  fractures.  Therefore,  the  resistance  training  program  for  HTR  with  severe 
established  osteoporosis  will  be  carefully  managed  with  conservative  initial  resistances 
and  very  gradual  progressions  of  resistance  loads. 

Exercise  Intensity 

Heart  transplant  patients  have  abnormal  HR  responsiveness  to  exercise  due  to 
autonomic  sympathetic  denervation.  Therefore,  5 minutes  of  treadmill  walking  will 
always  precede  resistance  training  to  increase  serum  catecholamines  and  ‘jump  start’  the 
delayed  HR  response. 

Blood  Pressure  Response 

Most  HTR  are  mildly  hypertensive  due  to  side  effects  of  immunosuppressive  drugs 
and/or  organ  denervation.  Heart  transplant  recipients  however,  present  a unique 
consideration  during  resistance  training.  Problems  typically  encountered  with  CAD 
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patients  in  cardiac  rehabilitation  programs  are  associated  with  cardiac  work  and 
myocardial  ischemia.  In  contrast,  heart  transplant  recipients  are  not  limited  by  coronary 
underperfusion,  provided  they  are  free  from  acute  rejection  or  allograft  vascular  disease. 
Rather,  the  rehabilitation  staff  will  take  special  precautions  to  ensure  adequate 
maintenance  of  systemic  blood  pressure  (BP).  We  found  that  approximately  25%  of  heart 
transplant  recipients  experience  transient  hypotension  during  resistance  exercise,  and  this 
problem  was  exaggerated  when  the  exercise  required  lifting  above  the  level  of  the  heart 
(e.g.,  shoulder  press).  This  hemodynamic  problem  is  likely  a consequence  of  autonomic 
sympathetic  denervation.  The  denervated  transplanted  heart  is  almost  entirely  dependent 
upon  preload  and  the  Frank-Starling  mechanism  for  defending  cardiac  output  and 
systemic  BP. 

We  used  the  following  maneuvers  to  help  sustain  venous  return  and  prevent  blood 
pooling  in  patients  who  experienced  hypotension: 

• Upper  body  exercises  will  be  alternated  with  lower  body  exercises  in  an  attempt  to 
prevent  blood  pooling. 

• Symptomatic  subjects  will  walk  2 min  between  exercises  or  perform  standing  calf 
raises. 

• All  subjects  will  conclude  each  training  session  with  a 5 -min  cool-down  walk  at 
low  intensity  on  the  treadmill. 
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